Abstract: We present the design and characterization of a quasi-two-dimensional optomechanical crystal cavity. At a refrigerated temperature of 10 mK, an intrinsic mechanical quality factor of 1.2 billion is observed and an effective quantum cooperativity greater than unity is realized under steady-state optical pumping.
Optomechanical crystals (OMCs), corresponding to a combination of photonic and phononic crystal, can be fabricated into the thin-film surface of a silicon microchip and engineered to yield strong optomechanical interactions due to the co-localization of optical and mechanical fields. Previous work has realized one-dimensional silicon nanobeams with ∼ 1 MHz vacuum optomechanical coupling rate, enabling a number of quantum optomechanics experiments, from laser cooling of mechanical motion to the quantum ground state [1] to optomechanical Bell tests [2] . A significant roadblock to further application of silicon nanobeams for quantum applications is the very weak, yet non-negligible parasitic optical absorption in current devices [2, 3] . Optical absorption at sub-bandgap (∼ 1500 nm) wavelengths in silicon nanobeam devices, thought to occur due to surface defect states, can yield significant heating of the microwave (∼ 3-6 GHz) acoustic mode of the device. At cryogenic temperatures ( 1 K) this leads to an elevated phonon bath occupancy of n b ≈ 10 on a microsecond timescale upon applying an optical pulse power at a level corresponding to a single intra-cavity photon (n c ) [3] . Moreover, this hot bath persists even after the removal of the light field for times on order several microseconds to milliseconds. The 'quantum' cooperativity (C eff ), corresponding to the standard photon-phonon cooperativity divided by the Bose factor of the thermal bath, is thus limited to values lower than unity for all but a microsecond or so around the time an optical pulse is applied. Two-dimensional (2D) OMCs, with their significantly increased thermal connection to the surrounding environment compared to 1D nanobeams, offer a promising route to realizing C eff > 1 in the steady-state. Initial work in this direction utilized snowflake-shaped holes in a silicon membrane to create a quasi-2D OMC with substantially higher optical power handling capabilities than nanobeams [4] . However, in the original snowflake design a relatively low optomechanical coupling of g 0 /2π = 220 kHz was obtained.
Here we demonstrate an improved silicon 2D OMC with a factor ×53 improvement in back-action per photon. Our new OMC cavity design is created from a snowflake crystal with both acoustic and optical bandgaps by replacing one row of snowflakes with repeated 'C' shapes. The 'C' shape better focuses the optical mode at the air-silicon boundary, greatly increasing the moving boundary contribution to the optomechanical coupling. The line defect in the snowflake lattice acts as a waveguide for photons and phonons within their bandgap, as shown in Fig. 1b-1c . The properties of the waveguide are then modulated along its length, locally shifting the bands to frequencies that cannot propagate within the waveguide to create localized resonances. Simulated field profiles of the fundamental optical resonance (ω o /2π = 194 THz, λ o = 1550 nm) and the strongly coupled mechanical resonance (ω m /2π = 10.27 GHz) of such a 2D OMC are shown in Fig. 1d and 1e . The localized mechanical mode has a theoretical vacuum optomechanical coupling rate of g 0 /2π = 1.4 MHz to the co-localized optical resonance.
We fabricated devices based upon this design and measured them at both room temperature and in a dilution refrigerator environment. From room temperature measurements (see Fig. 2 ) we determine the wavelength of the fundamental optical resonance of the 2D OMC to be λ o = 1558.8 nm, with a loaded (intrinsic) optical Q-factor of Q t = 3.90 × 10 5 (Q i = 5.30 × 10 5 ). We measure the optomechanically coupled acoustic resonance using a pumpprobe scheme with optical pump frequency at the red motional sideband of the optical cavity, from which we find a mechanical frequency of ω m /2π = 10.21 GHz. From fitting the mechanical damping rate, γ, versus applied intra-cavity photon n c , we extract a vacuum coupling rate of g 0 /2π = 1.09 MHz.
Heating, backaction cooling, and damping dynamics of quasi-2D OMCs are also measured in a dilution refrigerator at a base temperature of T f ≈ 10 mK. Steady-state back-action cooling below the single phonon level is observed indicating that C eff > 1. Through phononic bandgap shielding an intrinsic mechanical damping rate of γ i /2π = 8.2 Hz (Q m ≈ 1.2 × 10 9 ) is also realized. Up-to-date dilution refrigerator measurements, including optical-absorption-induced bath dynamics and quantum cooperativity versus optical power, will be presented.
